Polyacrylic acid (PAA) hydrogel prepared by radical polymerization in a clean and extremely simple way was used to adsorb U(VI) ions from aqueous solutions. Fourier transform infrared spectroscopy (FTIR) characterization demonstrated that the PAA hydrogels were successfully synthesized, FTIR and transmission electron microscope (TEM) characterization illustrated the adsorption mechanism, and the adherence of the U(VI) ions on PAA was confirmed by X-ray photoelectron spectroscopy (XPS) energy dispersive X-ray (EDX). Batch experiments with various pH, initial concentration and contact time were conducted to evaluate the adsorption performance. The adsorption kinetics of the PAA hydrogels followed a pseudo-second-order model and exhibited a 3-stage intraparticle diffusion mode. Equilibrium data were best described by a Langmuir model, and the estimated maximum adsorption capacity for the adsorbent was 445.11 mg g À1 . Moreover, the U(VI) loaded adsorbent could be regenerated using 0.1 M HNO 3 acid solution, and the regenerated adsorbent after five cycles could retain 90.91% of the adsorption capacity of the fresh adsorbent. The results suggested that the PAA hydrogels could be considered to be very effective and promising materials for U(VI) removal from waste water.
Introduction
Over the years, an increase in some given pollutants such as industrial waste, have contaminated fresh water and caused deterioration in the quality of potable water. Waste water from electronic device manufacture, plating facilities and the production of electricity in nuclear power plants may contain considerable amounts of toxic and polluting heavy metals.
1,2 Among the metal contaminants, particular concern has been given to uranium, an important actinide element. 3 Uranium is a heavy metal having both radiochemical and toxicological effects. 4 Excessive amounts of uranium have entered into the environment through the activities of the nuclear industry due to different applications including nuclear power plants, the manufacture of glass, pottery glaze, electron microscopes and nuclear weapons.
5
Uranium in the environment can ultimately reach the top of the food chain and be ingested by humans, causing harmful diseases such as severe kidney or liver damage. 6 Therefore, methods for the removal of uranium from wastewater are of great importance.
The removal of heavy metal ions from waste water can be performed by physical and chemical methods such as adsorption, chemical precipitation, membrane ltration, chromatographic extraction, ion exchange and electrochemical techniques.
7,8
And the adsorption is considered to be a promising and efficient method for removal of U(VI) and other metal ions. 9 The adsorption mechanism involves the establishment of equilibria between the adsorbate and the adsorbent through processes such as ion exchange, chelation, complexation, electrostatic interactions and micro-precipitation even at extremely low concentrations, thus facilitates the removal of heavy metal ions from very dilute solutions. 10 Adsorption of U(VI) ions on different functional groups containing adsorbents from aqueous solution had been widely studied. Results indicated that the adsorption of U(VI) ions was mostly dominated by complexation and/or ion exchange at acidic pH values. 9 A number of absorbents such as, polymers, 11 functionalized SBA-15, 12 chitosan 13 and MOFs, 14 have been investigated for the removal of U(VI) from aqueous solutions. Among them, polymer materials, with abundant adsorption sites, have attracted wide attention. Adsorption of U(VI) cations using polymers takes place by the attraction mechanism, counting on the difference in charge between the positively charged metal ion and the negatively charged active sites distributed everywhere along the backbone and branch of any polymer, where these active sites govern the whole uptake of the U(VI) cations by the polymers.
Hydrogel, one of the most widely used polymers, consists of a three-dimensional network of hydrophilic polymers which allows the diffusion of solutes into the interior network and can be prepared using a covalent or a non-covalent approach with different functional groups such as carboxylic acid, hydroxyl and amine groups. 15 These groups attached onto the polymeric networks can be used easily for the removal of metal ions. Synthesis and characterization of poly(HEA/MALA) hydrogel and its application in removal of heavy metal ions from water were conducted by Wu. 16 Wang and Li 17 have used ion-imprinted composite hydrogels to investigate Cu 2+ removal from waste water. Pb 2+ and Cu 2+ sorption properties of Gum Ghatti-graed poly(acrylamide-co-acrylonitrile) biodegradable hydrogel were studied by Mittal. 18 The most widely abundant function groups present in the structure of any hydrogel polymer are hydroxyl groups and carbonyl groups but although these hydroxyl and carbonyl groups are present in great abundance, they are not effective sites for removing and attracting the metal cations. Functional groups like carboxyl groups were found to have a very governing role in removing heavy metal cations, that they bind to the heavy metals through salt formation.
11 Polyacrylic acid (PAA), is remarkably stable and can deliver high binding capacity because of its high density of carboxyl-containing. 19 Although there have been extensive academic and industrial interests in the studies of the hydrogel polymer recently, 20,21 few of them have focused on the removal of uranium using PAA hydrogel materials.
In the present work, PAA hydrogel was prepared by free radical polymerization as a clean and extremely simple way, and was used for removal of U(VI) ions from aqueous solution. The synthesized PAA hydrogels are not water soluble and were characterized. In order to explore the adsorption ability and mechanism of the PAA polymer hydrogel, the inuence of experimental conditions such as pH, contact time and initial concentration were investigated. The adsorption kinetics and isotherms of U(VI) cations were also evaluated. The application of PAA based hydrogel to remediate U(VI) cations as in our case has not been reported so far. From the results obtained in this work, we could establish a suitable strategy with promising application for efficient harmless removal of U(VI) ions.
Materials and methods

Materials
Acrylic acid (AA) and Methylene-Bis-Acrylamide (MBA) were supplied by Sinopharm Chemical Reagent Co., Ltd. Ammonium persulphate (APS) was provided by Shanghai SANGON Biological Engineering Co., Ltd, China. Sodium Hydrogen Sulte (SHS) was purchased from Xilong Chemical Co., Ltd. All chemicals were of analytical grade and were used without further purication. All water mentioned in this paper was double deionized water (was prepared by Fuzhou University).
Stock solutions (1000 mg L À1 ) of U(VI) ions were prepared by dissolving 1.859 g UO 2 (NO 3 ) 2 $6H 2 O in 1000 mL distilled water. The solutions of different concentrations used in various experiments were obtained by dilution of the stock solutions.
Preparation of PAA hydrogel
PAA was prepared by radical polymerization with APS as an initiator and SHS as coagulant aid in room temperature. 22 The acrylic monomer with a mass fraction of 30% and 0.5 g MBA were dissolved in a beaker by supersonic wave. About 0.21 g APS and 0.21 g SHS were added into this solution. Then the nal solution volume was diluted to 50 mL under mechanical stirring. Finally, the obtained solution above stands at 25 C for 2 h.
The product was washed with deionized water until the unreacted substance and uid wax were completely removed, the hydrogel was dried in vacuum freeze-drying machine for 24 h and stored in vacuum drying oven at 50 C.
Characterization of adsorbent
2.3.1 Fourier transform infrared spectroscopy (FTIR). FTIR spectra of the AA, PAA and PAA aer adsorption were obtained by using a FTIR spectrophotometer. The FTIR spectrum was recorded with a spectrometer in the range of 4000-400 cm À1 using an attenuated total reectance technique.
2.3.2 X-ray photoelectron spectroscopy, Transmission electron microscopy and energy dispersive X-ray. The elemental compositions and surface species of the PAA before and aer adsorption were analyzed by XPS (ESCALAB 250). Transmission electron microscopy (TEM) images were performed on a JEOL-1230 electron microscope operated at 100 kV. A scanning electron microscope (SEM, Nova Nano 230) was employed to perform EDX measurements. EDX measurements were obtained between 0 and 20 keV.
Batch adsorption experiments
The stock solution was diluted to give standard solutions of appropriate concentrations. The batch adsorption experiments were conducted in 50 mL conical ask with 10 mL of standard solutions. About 10 mg PAA was then added into this solution and was le shaking for a certain period of time. The conical ask were covered with rubber plug. Aer ltration, the concentration of U(VI) ions in the ltrate was analyzed at a wavelength of 650 nm using Arsenazo-III as the complexing agent by UV-vis spectrophotometer.
23
The adsorption capacity of U(VI) in the adsorption system, q e , was calculated using the following equation:
where q e is the equilibrium adsorption capacity per gram dry weight of the adsorbent (mg g À1 ), C 0 and C e are the initial and
is the volume of U(VI) ions solution (mL) and m is the mass of the adsorbent used (g). 
Desorption and regeneration experiments.
Aer the adsorption experiment, the uranium loaded PAA (0.01 g) was le in contact with 10 mL 0.1 M HCl solution for 24 h at room temperature, and then washed with distilled water. Subsequently, it was dried in vacuum freeze-drying machine for 24 h before reuse. The adsorption-desorption procedure was conducted for ve cycles under the same conditions. 
Results and discussion
Characterization
The FTIR spectra of samples, including AA, PAA and PAA aer adsorption, are presented in Fig. 1 . The strong absorption peaks at 1695 cm À1 are attributed to the C]O of carboxylic group from AA, PAA and U-PAA complexes. 25 In the spectrum of PAA, compared with that of AA, the peak of C]C at 1635 cm À1 disappears, which indicated that the successful synthesis of PAA. In the spectrum of U-PAA complexes, two characteristic absorption bands lying at 1530 and 1450 cm À1 are observed, which are attributed to the symmetric COO À and asymmetric COO À of carboxylate, respectively. And the appearance of a peak at 929 cm À1 is from the stretching vibration of O]U]O. 26 In addition, the weak absorption peak around 477 cm À1 can be assigned to the stretching vibration of M-O bond. 27 These data indicate that PAA hydrogels were successfully chelated with UO 2 2+ cations.
The coordination number of hexavalent uranium is oen 5 or 6 in aqueous solution.
28 And according to the results of U-PAA complexes of FTIR characterization, each UO 2 2+ is randomly combined with two carboxylates in the chain of the polymer (not necessarily in the same chain), water molecules can also participate the coordination to meet the saturated coordination.
The chemical states of the PAA before and aer adsorption of uranium ions were investigated by XPS and results were shown in Fig. 2 . It's obvious that PAA before adsorption showed three peaks of binding energy, C 1s (284 eV), N 1s (399 eV) and O 1s (532 eV). However, the peak at the binding energy of 382 eV (U 4f) appeared aer adsorption of U(VI) ions. The elemental compositions of PAA calculated from the XPS spectra were summarized in Table 1 . Compared with the pure PAA, the oxygen contents increased and the uranium element appeared on the PAA aer adsorption, which indicated that the UO 2 2+ was successfully graed onto PAA. The TEM micrograph of PAA is given in Fig. 3 . Before adsorption, some holes and openings in the structure were observed in Fig. 3(c) , which increases the contact area and can improve metal ion adsorption. And loosely structure can be seen in Fig. 3(a) , which may exist as a mass of carboxyl groups. Aer adsorption, Fig. 3(d) shows that the agglomeration became aggravated and dense microstructure can be seen in Fig. 3(b) , demonstrating there may be strong chelation interactions between one UO 2 2+ cation and two -COO À groups.
Compared Fig. 3(c) and (d), it is observed that the interstitial spaces of PAA hydrogels were lled up aer the application of the adsorbent to the uranium solution. These images prove that, U(VI) ion was adsorbed by PAA hydrogel into its pores and developed a dense structure. EDX analysis of PAA before and aer adsorption were carried out to conrm the adherence of U(VI) ions onto PAA surface and depicted in Fig. 4 . Aer adsorption, the results showed that the element C, O and N decreased by 6.95 wt%, 2.76 wt% and 1.70 wt% respectively. In addition, Fig. 4(a) shows that there are not U elements existed in the PAA before adsorption, while it can be noticed the appearance of U peaks in EDX spectrum in Fig. 4(b) . The U elements accounted for 11.41 wt% in the PAA aer adsorption, which probably ascribed to the perfect adsorption capacity of PAA. The occurrence of uranium peak in EDX spectrum conrms the U(VI) adherence onto PAA.
3.2 Adsorption properties of PAA for the UO 2 2+ ions 3.2.1 Effect of initial pH on the adsorption. The initial pH of the aqueous solution is an signicant parameter in the adsorption process, since pH values affect not only the speciation of heavy metal ions in solution, but also protonation of the functional groups of the adsorbent. 29 The selected pH values in the following experiments were set below 5.5 due to the probability of the hydrolysis and precipitation of UO 2 2+ cations at higher pH values. Fig. 5 illustrates the effect of pH on the removal efficiency of UO 2 2+ ions by PAA. As shown in the picture, it is found that the higher adsorption capacity for U(VI) ions was achieved at higher pH values. However, the adsorption capacity is relatively low for U(VI) ions at pH ¼ 1.0, this may be for the reason of the leading role of the -COOH at low pH, and a highly competitive adsorption between H + ions and UO 2
2+
ions in the solution. The adsorption capacity increases with the increase of the solution pH values for the PAA hydrogels when pH range of 1.0-4.0, which attributed to the transformation from some -COOH groups to -COO À groups, leading the electrostatic attraction between PAA hydrogels and UO 2 2+ cations to strengthen, and accordingly, the adsorption capacity increases. Moreover, the PAA adsorbent can adsorb UO 2 2+ quite efficiently in the pH range of 4.0-5.5, and the results indicated that the approximately maximum adsorption capacity of 45.89, 78.14, 142.79 mg g À1 occurred at an initial U(VI) concentration of 60, 100 and 200 mg L À1 , respectively. Fig. 6 illustrates the effect of the initial concentrations of U(VI) ions on the adsorption by PAA at 25 C, which indicates that along with the increasing concentrations of the U(VI) ions, the adsorption capacities of PAA enhanced sharply at rst, and then gently rise to reach a plateau, which means PAA could be completely saturated with UO 2 2+ at enough high initial concentrations. Fig. 7 . It can be seen clearly from the gure that adsorption was rapid originally, and slowed down thereaer, and nally reached equilibrium. The initial U(VI) adsorption was a rapid process and almost reached maximum uptake at 120 min and no more signicant uptake of U(VI) was observed at longer time. Therefore, the contact time of 120 min is sufficient to reach equilibrium for PAA hydrogels in the adsorption of UO 2 2+ ions, which was selected in the further experiments.
Effect of initial concentration of the U(VI) ions.
Sorption kinetics were investigated to evaluate both the rate of U(VI) sorption and the equilibrium time required for the sorption isotherm. Three adsorption kinetic models, namely pseudo-rst-order, pseudo-second-order and intra particle model have been chosen to describe the kinetic data.
The pseudo-rst-order model is expressed in the following equation:
The pseudo-second-order model is described in the following equation:
where q t and q e (mg g
À1
) stand for the amount of U(VI) ions adsorbed on the adsorbents at time t (min) and equilibrium, respectively. k 1 (min À1 ) is the rate constant of the pseudo-rst-order model, while k 2 (g mg À1 min À1 ) is the pseudo-secondorder rate constant. The values of corresponding kinetic parameters calculated from the pseudo-rst and the pseudo-second-order models are presented in Table 2 , and the plots of kinetic model are shown in Fig. 8 . The results from Fig. 8(a) and (b) indicate that the pseudo-second order model ts the experiment data better than the pseudo-rst order model. Also, the theoretical calculated q e,cal values obtained from the pseudo-second order model are closer to the experimental ones q e,exp and this further conrms the best applicability of the pseudo-second-order model.
In order to investigate if pore or lm diffusion was the controlling step in the adsorption, intra-particle diffusion model was further tested as follows:
where k i (mg g À1 min À1/2 ) is the intra-particle diffusion rate constant and C is the thickness of the boundary layer and Table 2 Pseudo-first-order, pseudo-second-order and intra-particle diffusion kinetic model parameters View Article Online q t (mg g À1 ) stands for the amount of metal ions adsorbed on the adsorbents at time t (min). Fig. 9 shows the intra-particle diffusion plots for the U(VI) cations adsorption on PAA. It is apparent that more than one linear portion appear in all of the plots, which indicates that the adsorption is affected by two or more steps. 32 Moreover, intra-particle diffusion rate constants in every step follow the order of k 1 > k 2 > k 3 , which are presented in Table 1 . This could be explained as follows: the rst portion represents instantaneous adsorption or external surface adsorption stage, in which large numbers of U(VI) ions were adsorbed rapidly by COO À of the PAA. Aer almost all the exterior COO À were occupied, the U(VI) ions started to enter into the pores of the adsorbents and the second portion of the plot seemed to refer to the diffusion into mesopores. Moreover, the third portion of the plots was nearly parallel, suggesting that equilibrium state reached at last. 3.2.4 Adsorption isotherm studies. Adsorption isotherm studies are remarkably signicant to determine the efficacy of adsorption. Several adsorption isotherms initially used for gas phase adsorption are available and readily adopted to correlate adsorption equilibria in heavy metals adsorption. Some wellknown ones are Langmuir, Freundlich, Temkin, RedlichPaterson and Sips equation. 34 In this work, the adsorption isotherms were investigated using three equilibrium models, which are Langmuir, Freundlich and Temkin isotherm models.
The Langmuir isotherm assumes that monolayer adsorption takes place on an adsorbent that have a structurally homogeneous surface, on which the binding sites have the same affinity for the adsorption, and no interaction occurs between adsorbates. 35 The Langmuir model can be represented as:
where C e is the equilibrium concentration of the adsorbate (mg L
), q e is adsorption capacity at equilibrium (mg g À1 ), q max is the maximum adsorption capacity of the adsorbent (mg g À1 ) and K L is the Langmuir adsorption constant related to the energy of adsorption (L mg À1 ).
The well-known Freundlich isotherm is an empirical equation predicting that the adsorption occurs on an energetically heterogeneous surface, on which the adsorbed molecules are interactive and adsorption capacity is related to the concentration of adsorbate at equilibrium. 36 The Freundlich model is expressed as:
where K F and n are the Freundlich constants related to adsorption capacity and intensity, respectively, q e and C e are the adsorption capacity at equilibrium (mg g À1 ) and equilibrium concentrations of adsorbate in liquid phases (mg L À1 ),
respectively. The Temkin isotherm is based on the assumption that the free energy of adsorption is a function of the surface coverage and takes into account the interactions between adsorbents and adsorbates. 37 The isotherm model is written as
where R is the ideal gas constant (8.314 J mol À1 K À1 ), T is the absolute temperature (K), a T is the equilibrium binding constant corresponding to the maximum binding energy and b T is the Temkin isotherm constant. Fig. 10 shows the equilibrium adsorption of UO 2 2+ onto the PAA hydrogels and the tting plot of the three isotherm models. For the studied system, the Langmuir isotherm correlates best (R 2 ¼ 0.991) with the experimental data from adsorption equilibrium of UO 2 2+ by PAA in these three models, suggesting a monolayer adsorption. Furthermore, the degree of suitability of adsorbent towards U(VI) ions was assessed from the values of separation factor constant (R L ), which has always been used to indicate the adsorption is favorable or not. 38 The value of R L will indicate the type of isotherm is, irreversible (R L ¼ 0), favorable (0 < R L < 1), linear (R L ¼ 1), or unfavorable (R L > 1), which can be calculated from the following equation:
where 3.2.5 Desorption and reusability studies. From practical point of view, reusability is an very signicant feature of an advanced adsorbent. The adsorption behavior of U(VI) onto PAA hydrogels is remarkably reliant on pH and both a lower and higher pH values negatively impact the uranium adsorption. At high pH, a stable precipitation product, UO 2 (OH) 2 , can be formed by the desorbed uranium, 39 which was difficult to separate from the adsorbent. Therefore, desorption of the adsorbed U(VI) from PAA can only take place in acid solution (0.1 M HNO 3 ). The capacity of PAA for ve adsorption-desorption cycles is shown in Fig. 11 . The PAA hydrogels could be utilized repeatedly and the adsorption capacity only slightly declined (by 9.09%). The regeneration experiments in this study indicate that the PAA hydrogels has the potential of regeneration and can be used as an efficient adsorbents for wastewater treatment.
3.2.6 Comparison with other adsorbents. Table 3 presents a comparison of the U(VI) adsorption capacity of other adsorbents including organic, inorganic materials and composites of them. Among these materials, HNTs-Fe 3 O 4 , AgOH-MWCNTs, CMPEI/ MSU-H and SA/CMC were relatively difficult to prepared due to their complex preparation process. And SBA-15 is low in chemical reactivity. Compared to these adsorbents, PAA hydrogels can be used as efficient adsorbents due to its simple synthesizing procedures and high chemical reactivity. Moreover, PAA hydrogels performed relatively excellent adsorption capacity.
Conclusions
In this work, we have demonstrated a clean and extremely simple strategy for preparing PAA hydrogels, which are identied to be an excellent adsorbent for the removal of UO 2 2+ ion from aqueous solutions. Structure characterization indicated that the PAA hydrogel was successfully synthesized, complexation took a dominant role in adsorption process and U(VI) ions were adhered onto PAA hydrogels. The adsorption kinetics of PAA hydrogels were well described by pseudosecond-order kinetic and intraparticle diffusion model. Langmuir model was most appropriate to t the adsorption data, and the maximum sorption capacity of PAA for U(VI) was evaluated to be 445.11 mg g À1 at pH 4.0. According to this paper, its good reusability and excellent adsorption capacity give PAA hydrogels a high potential for practical application in the removal of heavy metal ions from polluted water. 
